Abstract: This paper presents the analysis and assessment of water losses in water distribution systems of three water supply companies operating water supply networks in the area of effect of underground mining. The analysis of water losses was conducted based on numerous indices allowing for obtaining objective information on the condition of the water supply system. The method of the analysis of percentage water loss index was extended by the methods of determination of losses according to the International Water Association. The results of the analysis lead to the conclusion that with regular actions, the companies have reduced water losses in recent years to a level considered to be good compared to national data and average compared to international standards. The value of the failure intensity index for all companies in 2011 was over 1.0 while currently it is about 0.5. The decrease in Non-Revenue Water basic loss index (NRWB) from more than 20% for all analysed companies in 2008 to a few percent in 2017 and the decrease in Infrastructure Leakage Index (ILI) for companies A and C to less than 2.0 are evidence of the good condition of the network. This is also confirmed by the unit water loss index per capita, with its value in 2017 being 9.1 dm 3 /(inhabitant day) for company A, 11 dm 3 /(inhabitant·day) for B and 7.4 dm 3 /(inhabitant·day) for C. The several years of analysis and evaluation of numerous indices of water loss presented in the paper reveals the effectiveness of the adopted strategies of reducing leakages in the distribution system. It should be emphasized that the analysed companies have been involved in comprehensive initiatives aimed at reducing water leakages, resulting in a substantial reduction in water losses. GIS monitoring systems and databases are particularly helpful in reducing water losses. The basis of the activities is monitoring of flow and pressure in water supply networks and active leakage control. Network zoning with simultaneous observation of minimum night-time flows allows for preliminary location of the failure. Equipping companies with special leakage detection devices such as geophones, stethophones or correlators enables quick detection of leakages. The next step is to replace water meters with more and more accurate ones and to implement radio reading of water meters. All analysed companies perform systematic replacement of old steel and cast iron pipes which cause a large number of leakages that are often difficult to identify, thus leading to water losses.
Introduction
Water losses and the associated financial losses represent a serious problem for water supply companies all over the world. The amount of water lost from distribution systems is huge in the world and is estimated at 48 billion m 3 per year [1] . High levels of water losses result from poor management reduction is pressure modulation, especially by adjusting night pressure levels to the lower demand, resulting in both reduced night pressure and fewer leakages [18] .
Nazif et al. asserted that pressure management is an effective technique for leakage reduction. These authors emphasized the relationship between leakage and pressure. They described the procedure for controlling the hydraulic pressure in the water distribution system by maintaining the water levels in the storage tanks to adjust to the variations in the water demand. To minimize the leakage level, the authors used an optimization model to evaluate the optimal hourly water level variations in the storage tank to reduce the pressure in water supply system with regards to the required water amount, water level in reservoir, and the elevation of observed points in the water supply network [22] .
Research on water supply systems in two cities in the Upper Silesia region of Poland presented in the paper [23] indicated that stabilization of the pressure in the network reduced water losses and generated economic profits due to the lower energy consumption in the pumping station. The research found that the index of consumption of the energy needed for pumping of 1 m 3 of water into the distribution system was reduced by 12% over the period of one year. In the study of Duda and Human [24] , the authors indicated that water pumps were the main element responsible for the electricity consumption in the water treatment plant "Karolin" in Olsztyn. The conducted energy consumption analysis revealed the opportunities for saving electricity by optimization of the schedule of water intake operation. The simulation of the water intake operation also showed the possibility to reduce electricity consumption by about 12%. The study of Andraka and Cherednik [25] presented the technical solutions applied as part of the modernization of the water supply network of the city ofŻodino. The systems of automatic management of water intake and supply facilities introduced by the Water and Sewage Company allowed for a significant reduction in the energy consumption of water pumping. Other studies have also demonstrated the effect of improving the pumping system, automation of the control system and the network monitoring system supported by IT systems on the reduction of water losses and energy savings [19, 26, 27] .
In the case of the companies analysed in the study, the failure rate and the associated water losses were substantially affected by underground mining. Maintaining the reliability of water distribution systems in these areas is often much more difficult compared to systems outside the effect of mining industry. With the impact of mining activity on water supply pipes, the values of pipe reliability indices are generally much higher than the values of these indices outside mining areas. It is estimated that about 30% or even 50% of failures of water supply networks may result from mining activity. The causes of failures and the associated increase in water losses in mining areas include tectonic movements causing mining subsidence, formation of ditches, crevices, bumps, stray currents that occur in the areas of cities and industrial plants, excessive traffic load on heavy vehicles, etc. They cause unsealing of connections, cracks and crushing of wires, damage to utilities, etc. [28] [29] [30] .
Taking into account Polish conditions, mining damages are noticeable in the areas of Upper Silesia, where hard coal mines are located. The analysis of data on distribution system failures indicates a direct relationship between the operation and the failure rate in water distribution systems, but the scale of the problem has not been sufficiently evaluated so far. It is difficult to clearly identify the causes and origin of some failures, e.g., in the case of corroded steel pipelines.
The aim of the study is to analyse and evaluate the amount of water losses in three water supply systems exposed to the effect of mining activities in Upper Silesia, compare water loss indices in these systems to Polish and international standards, indicate and evaluate companies' activities for the rapid detection and removal of failures and other activities leading to the reduction of water losses.
The percentage loss index and unit indices related to the length of the network and a number of inhabitants were computed to determine water loss. A unified international methodology recommended by the International Water Association (IWA) was also used [31] .
According to IWA's balance sheet, the amount of water pumped into the distribution system is divided into authorised consumption and water losses. Furthermore, authorised consumption consists of invoiced authorised consumption, i.e., the amount of water sold by the company and non-invoiced authorised consumption, i.e., the amount of water used by the company for its own consumption. The amount of water used for internal purposes is generally difficult to quantify and is therefore often roughly estimated. This is the water used mainly for the technological needs of the water supply system and often also for the sewage system (flushing of tanks, water pipes or channels). The values of water consumed for internal purposes are frequently overestimated in order to underestimate the actual water losses [31] .
Water losses are divided into real and apparent losses. Real losses are caused by leakages of water from the networks and systems, fittings, overflow from compensation tanks and theft of water. The causes for apparent losses include inaccuracy and inconsistency of measurement of water supply and consumption. Contrary to real losses, apparent losses do not constitute actual losses, but only affect the numerical result of the balance of the volume of water supplied to the network and that sold to consumers. Since they do not represent real water losses, they are difficult to identify and determine accurately. In practice, a specific amount of water is supplied to consumers, but is not measured due to the metrological properties of the water meters (flows below the starting flow rate) [9, 31] . According to Siwoń et al. [32] apparent losses may amount to ca. 5% depending on the installation and measurement conditions. It is also important to ensure the simultaneous measurement of water supply and intake. Simultaneous measurement affects the accuracy of water balance and thus the reliable determination of apparent losses.
The water balance and water loss indices recommended by IWA represent an efficient tool for water loss analysis and evaluation. The analysis of losses should be the basis for taking modernization and repair measures, thus reducing the costs connected with production and distribution of water. The International Water Association (IWA) proposes four methods of performing such activities [33] : active leakage control, speed and quality of repairs, pressure management, and pipe materials management in order to limit the extent of water losses.
Methods recommended by IWA are becoming more and more popular in many countries, including Poland. Many authors of scientific papers have emphasized their usefulness [31, [34] [35] [36] . The organization has a great deal of merit in terms of development and implementation of water loss reduction.
In addition to their geographical location, all the companies share common characteristics which may influence the value of water losses and allow for their comparison. All water supply companies purchase water from the Upper Silesian Water Supply Company at the same price and distribute it to customers using their own distribution networks. The analysed companies only distribute the purchased water but do not operate water intakes and treatment plants. The area on which all the companies operated is exposed to substantial effect of mining activities. Numerous hard coal mines operate within the area of their networks. The companies use old networks made of conventional materials such as cast iron or steel and a fairly large percentage of networks built in the last 30 years, mainly from PE. In all companies, until 2008, the percentage of water losses was within the range of 25 to 30% and the failure rate of the distribution network was over 1.00.
The results and assessment presented in this paper are based on data obtained from the companies and literature analysis. To protect the data of the water supply companies analysed in the study, the names of the companies were replaced with company A, company B and company C.
Materials and Methods
The analysis covered the data from the period of 2013-2017, obtained from the Water Supply and Sewerage Companies, which include: water supplied to the network, used for social welfare purposes, non-production and production purposes, network length, quantity and length of water supply connections, material and age structure of the network, the number of recipients, average pressure in the tested network, and number of failures in individual years.
These data were used to calculate failure intensity index (λ), percentage ratio of water loss (WS) and unit water loss per capita (Q los ), index hydraulic load of the network q o , and indices recommended by the International Water Association (IWA) [31] :
The failure intensity indices λ in total for distribution pipes and water mains in the companies studied were calculated from Equation (1),
where λ is the failure intensity index (failure/(km·year)), N is several failures per year, L is a total length of distribution pipes and water mains (km), and t is a time in which a given number of failures occurring was equal to 1 year. Water loss indices, widely described in the literature [9, 31, 36] and characterized in detail in the further part of the study, were calculated from Equations (2)- (10) .
CARL (Current Annual Real Losses-water loss in the distribution system (m 3 /year)
where SIV (System Input Volume) is the water supplied to the network (m 3 /year), UAC (Unbilled Authorised Consumption) is the water used for own needs of the company (m 3 /year), and BAC (Billed Authorised Consumption) is the water sold (m 3 /year).
WS-Percentage water loss index (%)
where CARL is the water loss in the distribution system (m 3 /year), and SIV is the water supplied to the network (m 3 /year). RLB 2 -Unique real leakage balance index (dm 3 /(connection·day)) (where the connection density is greater than 20 per km of the grid)
where N c is the number of service connections (pcs). NRWB-Non-Revenue Water basic index (%)
where BAC is the water sold (m 3 /year).
UARL-Unavoidable
where L m is the length of mains (km), L p is length of private service pipes from property boundary to the meter (km), p is average pressure in the tested network (m H 2 O), 0.365 is conversion factor per year and m 3 .
ILI-Infrastructure
Q los -unit loss per capita (dm3/(inhabitant·day))
where IN is the number of inhabitants using the water supply system. q s -unit coefficient of water loss per km of the network (m 3 /(km·h))
where CARL is the water loss in the distribution system (m 3 /h). q o -hydraulic load index for the network (m 3 /(km·day))
where SIV is the water supplied to the network (m 3 /year). Table 1 presents the length of the water supply network and the number of water supply connections operated by the analysed companies in 2013-2017. These data and pressure values are necessary for calculation of water loss indices recommended by IWA and presented in the further part of this study. Analysis of the data contained in Table 1 leads to the conclusion that Company B operates the longest water supply network with the length (including water supply connections) of 463.8 km. Company C uses the shortest length of water pipes of the three companies analysed, i.e., 359.1 km.
Results and Discussion

General Characterization of Water Supply Networks in the Analysed Companies
The largest number of water supply connections is used by company B, but the number of connections per kilometre of the distribution network in all companies is similar and amounts to approx. 30.
Analysis of the material structure of the networks of individual companies ( Figure 1 ) shows that the main material of the water supply networks of companies A and C is PE, accounting for over 62%. Company B uses a high percentage of networks made of cast iron (25%) and steel (32.3%). The material structure is closely related to the age of the water supply systems used. The variety of materials used for the construction of water supply networks in Poland resulted primarily from their availability in the market, which was related to the period of construction of water supply systems. Company A uses very few old networks built before 1980. Half of them (50%) are pipes aged from 20 to 30 years, ca. 45%-from 10 to 20 years, and the percentage of those older than 30 years is 5% of the length of the network. In company B; however, ca. 50% of the total network is over 50 years old, while 15% of the network is between 30 and 50 years old. The company operates around 35% of the networks built in the last 30 years. Furthermore, company C uses approximately 20% of the networks over 50 years old, approximately 20% of the networks built 30 to 50 years ago and approximately 60% of the networks built in the last 30 years. It should be emphasized that the attempts are made in the analysed companies to minimize the percentage of cast iron and steel pipes in favour of plastics, especially PE.
Water Balance in the Companies Studied in 2013-2017
The following measurements are the basis for determination of water losses:
• the volume of water pumped into the system-System Input Volume (SIV) • volume of water used for the own needs of the water supply company-Unbilled Authorised Consumption (UAC) • volume of water sold to all consumers-Billed Authorised Consumption (BAC). These data were obtained from the companies and presented in Table 3 . The amount of water losses in the water supply system-Current Annual Real Losses (CARL) was calculated from Equation (2) and presented in Table 3 . The material structure is closely related to the age of the water supply systems used. The variety of materials used for the construction of water supply networks in Poland resulted primarily from their availability in the market, which was related to the period of construction of water supply systems. Company A uses very few old networks built before 1980. Half of them (50%) are pipes aged from 20 to 30 years, ca. 45%-from 10 to 20 years, and the percentage of those older than 30 years is 5% of the length of the network. In company B; however, ca. 50% of the total network is over 50 years old, while 15% of the network is between 30 and 50 years old. The company operates around 35% of the networks built in the last 30 years. Furthermore, company C uses approximately 20% of the networks over 50 years old, approximately 20% of the networks built 30 to 50 years ago and approximately 60% of the networks built in the last 30 years. It should be emphasized that the attempts are made in the analysed companies to minimize the percentage of cast iron and steel pipes in favour of plastics, especially PE.
• the volume of water pumped into the system-System Input Volume (SIV) • volume of water used for the own needs of the water supply company-Unbilled Authorised Consumption (UAC) • volume of water sold to all consumers-Billed Authorised Consumption (BAC).
These data were obtained from the companies and presented in Table 2 . The amount of water losses in the water supply system-Current Annual Real Losses (CARL) was calculated from Equation (2) and presented in Table 2 . 
Pipe Failure Rate
One of the most important indices for assessing the technical condition of a water supply system is failure intensity index for the pipelines (λ). The frequency of failures is primarily related to the age of the pipes, the material and, in the case of the companies studied, also to numerous factors related to mining activity. The mean failure rate for distribution pipes and water mains in the companies studied was computed according to Equation (1) and is presented in Table 3 . When analysing the level of the failure intensity index in subsequent years, a noticeable downward trend for this index was found for company C, from 1.95 in 2013 to 0.55 failures/(km·year) in 2017, which should be considered a satisfactory state. Furthermore, for companies A and B, this index is currently at 0.52 for company A and 0.50 failures/(km·year) for company B. It should be emphasized that according to the recommendations of PN-EN 60300-3-4:2008 standard, the failure intensity for water mains should not exceed 0.3 failure/(km·year), whereas for distribution lines it amounts to 0.5 failure/(km·year).
However, in view of the fact that the networks analysed are located in the area of mining damages, companies A and C use ca. 30% of cast iron and steel pipes and company B uses more than 50% of pipes made of these materials and taking into account the age of water pipes, the value of the failure intensity index should be considered acceptable. According to the literature analysis, failure rates for different water supply networks may differ significantly, because, as already mentioned, they depend on many factors [36] . The investigations of 72 water supply systems indicate that the failures of these systems depend on the location and the kind of material used to build the specified water supply network [37] : The study demonstrated that the mean failure intensity in the water supply system located in areas of mining activity is even twice as high compared to networks outside these areas [38, 39] .
However, it should be emphasized that failures of water supply networks do not always have a significant impact on the amounts of water losses. This is indicated by research of Rak and Sypień [40] and research of Rak and Misztal [41] for the water supply networks of Polish cities: Jasło and Jarosław. Table 4 presents water loss indices for the analysed companies in 2013-2017 calculated from the Equations (2)-(10). Analysis of the percentage water loss indices (Table 4) reveals that all companies in the analysed 5 years achieved a good and fairly stable result of several percent. Companies A and C had reduced their losses by around 3.0% in 2013-2017, while losses in company B in this period were at a similar level. The analysis of the percentage water loss indices shows the lowest levels of leakages in the Netherlands (3-7%), while in most developed countries, these figures are higher: 15% in the USA, 13.8% in Canada, 42% in Italy, and 34.9% in Greece [2] . However, it should be emphasized that the comparison and evaluation of loss levels by means of percentage water loss index alone is insufficient or even erroneous due to differences in terms of length, material, age, number and length of connections as well as pressure and hydraulic load in water supply networks. Furthermore, the value of the index is affected by the volume of water used for own needs of the water supply plant, which is provided by the plants as an estimate. For these reasons, it is not recommended to use it to compare water losses in different distribution systems. It can only be used to assess the variability of water losses over many years in the same distribution system [42] . For a more reliable assessment of water losses, several other loss indices were computed as recommended by IWA. One of them is the Non-Revenue Water basic index (NRWB) calculated from Equation (5). This index for the system is higher than the percentage water loss index because its value does not take into account the volume of water consumed for the own needs of a water supply system (UAC). The use of this index in comparative analyses allows for avoiding errors resulting from the deliberate overstating of the volume of water used for own needs by certain plants. Analysis of the values of the NRWB index presented in Table 4 and the data obtained from the companies studied from previous years reveals that this index decreased significantly in the last 10 years in all companies. For company A, the NRWB index was 21% between 2008 and 2009 and decreased steadily in the following years, reaching a level of 8.0% in 2017. In company B, the NRWB index was 28% in 2008, 22% in 2010, and 11.6% in 2017. A significant decrease in the NRWB index was also found for company C. In 2008, it accounted for 24%, in 2009 it was 17% and in 2017, this level was 6.7%. The next index recommended by IWA to compare the condition of water distribution systems is the unique real leakage balance index RLB 2 , which measures water losses per day per water supply connection. In companies A and C, it has declined significantly in recent years, reaching 130 and 148 dm 3 /(connection·day), respectively, in 2017. Compared to Polish systems, this confirms that the losses remain at an average level. The RLB 2 index in Poland in 2015 was approximately ca. 150-200 dm 3 /(connection·day). For company B, this ratio was much higher compared to A and B and in 2017, it accounted for ca. 206 dm 3 /(connection·day). This index is often very varied, and extensive research presented in Water Use and Loss Report indicates its value in New Zealand ranging from 100 to 290 dm 3 /(connection·day) [43] .
Water Loss Indices
In Western European countries, the permissible daily water losses per water supply connection are assumed to be 100 m 3 /(connection·day). In view of the above, the comparison of the RLB 2 indices of all the companies studied to Western standards is unfavourable [36, 40, 44] . It should be stressed that if the water loss index per connection was lowered and reached the recommended 100 dm 3 /(connection·day) the annual water purchased by company A could be reduced by ca. 105,000 m 3 , by company B-by ca. 387,000 m 3 and by company C by approximately 127,000 m 3 . Furthermore, the good condition of the network of all analysed companies is demonstrated by unit water loss index per capita, with its value reaching 9.1 dm 3 /(inhabitant·day) in 2017 for company A, 11 dm 3 /(inhabitant·day) for company B and 7.4 dm 3 /(inhabitant·day) for company C. In the 334 Polish group water supply systems analysed by Bergel, this index ranged from 24.0 to 39.9 dm 3 /(inhabitant·day) on average, while the analysis of Hotloś for 10 municipal waterworks indicates an average range of this index from 16 to 35 dm 3 /(inhabitant·day) [9, 36] .
Another analysed index was unit water loss index per kilometre of water supply system q s. For companies A and B it ranged from 0.14 and 0.21 m 3 /(h·km) in the analysed years. This means that according to German data, this index was within the standard range. In company C in 2013-2015, its range was 0.29-0.22 m 3 /(h·km), while in the last two years, it has decreased significantly to 0.17-0.15 m 3 /(h·km).
Comparison of different water distribution systems can be made based on the Infrastructure Leakage Index (ILI), calculated from Equation (7). The ILI index represents the multiplication factor for actual water losses in relation to the minimum level that can be achieved in a properly operated water supply system. To calculate ILI, the Unavoidable Annual Real Losses (UARL) has to be determined in advance. The ILI index makes it possible to classify the water supply system in terms of its technical condition. It allows for an individual assessment of whether in certain operating conditions and at a given cost of lost water, the losses are at an acceptable or excessive level.
The index is currently the most effective parameter used for the evaluation of water distribution efficiency, but it has some limitations. It is recommended to use it when the number of connections is greater than 5000 and their density exceeds 20 per km of water supply network and when the pressure in the network is at least 0.25 MPa [45] . Table 5 shows the criteria for evaluation the ILI according to IWA, WBI Banding System and AWWA (American Water Association). 
The ILI index for the networks in companies A and C in the analysed years decreased significantly and reached 1.8 and 1.9, respectively, in 2017. According to the rigorous IWA criteria, this means the good condition of the network (Figure 2) . The values of this index in 2013 for companies A and C pointed to a weak condition of the network (according to IWA criteria). In company B, there was no significant decrease in the value of ILI over the analysed 5 years, and the value of the index ranged from 2.7 in 2014 to 2.0 in 2016, but in 2017, it increased to 2.4, which reflects the average condition of the network on a national and international scale. The ILI index for the networks in companies A and C in the analysed years decreased significantly and reached 1.8 and 1.9, respectively, in 2017. According to the rigorous IWA criteria, this means the good condition of the network (Figure 2) . The values of this index in 2013 for companies A and C pointed to a weak condition of the network (according to IWA criteria). In company B, there was no significant decrease in the value of ILI over the analysed 5 years, and the value of the index ranged from 2.7 in 2014 to 2.0 in 2016, but in 2017, it increased to 2.4, which reflects the average condition of the network on a national and international scale. [44] . Studies presented in [43] for 16 distribution systems from different European countries (Austria, Belgium, Bulgaria, Denmark, England, France, Germany, Italy, Malta, Portugal, Scotland, Serbia and Croatia) also demonstrated a very wide range of ILI, from 0.7 to 5.8 [43, 46] . Studies of 67 Polish systems supplying water to 10,000 ÷ 20,000 inhabitants presented by Bergel showed that the average ILI for these systems is 1.9 [36] .
It should be noted that evaluation of the ILI index takes into account real and apparent water losses, e.g., inaccuracies in water meter readings. ILI values in the range from 2 to 4 indicate the purposefulness of improvements to increase profitability through improved network pressure management, active leakage control, and network maintenance [42, 47] .
The analysis of water loss took into account the hydraulic load index for the network qo, m³/(km·day). This index shows the mean quantity of water supplied per day in reference to unit length of a water supply network. The values of indices for individual companies are presented in Table 7 . Table 7 . Summary of indices of hydraulic load of a water supply system (q0) (m 3 /(km·day)). The data on ILI presented by Lambert and McKenzie for 44 water supply systems, including 5 systems from New Zealand, 17 from Australia and 22 from Europe, indicated a very wide range of values of this index from values below 1.0 for two systems to above 5.0 for eleven of the analysed systems [44] . Studies presented in [43] for 16 distribution systems from different European countries (Austria, Belgium, Bulgaria, Denmark, England, France, Germany, Italy, Malta, Portugal, Scotland, Serbia and Croatia) also demonstrated a very wide range of ILI, from 0.7 to 5.8 [43, 46] . Studies of 67 Polish systems supplying water to 10,000 ÷ 20,000 inhabitants presented by Bergel showed that the average ILI for these systems is 1.9 [36] .
The analysis of water loss took into account the hydraulic load index for the network q o , m 3 /(km·day). This index shows the mean quantity of water supplied per day in reference to unit length of a water supply network. The values of indices for individual companies are presented in Table 6 . Table 6 . Summary of indices of hydraulic load of a water supply system (q 0 ) (m 3 /(km·day)). Water losses in a distribution system are related to the hydraulic load of the network. In general, a reduction in the load to the network results in a decrease in water losses. In 2013-2017, the load on the analysed water supply networks showed a slight downward tendency. It should be noted that the hydraulic load index for the network used by company C is significantly higher compared to those used by companies A and B.
Company
Description and Assessment of the Strategies of Loss Reduction Adopted by the Companies Studied
In practice, water supply companies adopt different strategies to reduce water losses, depending primarily on their financial standing. In general, two basic strategies can be distinguished: passive and active water loss management. The passive method is limited to the removal of reported failures, and the company does not pursue an active policy of systematic identification and analysis of losses and detection of leakages. In practice, such an approach means that the company does not take measures to limit losses. Failures and related leakages are only removed when they appear on the surface and are reported or they cause limitations in the water supply. These activities generally result in high water losses and a reduced level of services provided by the company due to unplanned interruptions of water supply. Such initiatives are mostly started by companies where the cost of water production is relatively low and the cost of leakage detection is high. Given modern conditions of providing services of water supply, passive loss management seems to be inefficient. If a company adopts such an approach, it should be supported by a thorough economic and technical analysis.
The other approach focuses on regular measures taken by the company aimed to reduce water losses. The company actively manages water losses and is involved in detecting and eliminating leakages. The basis for active management is the continuous monitoring of network flows, consequently reducing water losses and ensuring continuity of supply. The introduction of monitoring often allows for a substantial reduction in water losses.
The companies studied, analysed for several years in terms of water losses, actively manage water losses and regularly expand activities aimed at reduction of losses.
In company A, due to consistently implemented plan to limit water losses, water losses were minimized from about 20% in 2008 to 8.0% in 2017, and the failure rate decreased in this period from 3 failures/(km·year) to less than 1 failure/(km·year). This status was primarily caused by the implementation and regular extension of the monitoring of the water supply system. Monitoring made it possible to control the flow and pressure levels. Due to the varied elevation of the terrain (elevation differences are almost 100 m), the height of the buildings and the distance from the points of purchase, observation and pressure regulation became a priority. At present, 6 maintenance-free water pumping stations and 20 automatic pressure regulators are installed in the water supply system. The zoning water distribution monitoring system implemented by the company allowed for the observation and analysis of minimum night-time flows for the entire system and individual zones. Night-time flow monitoring allows for quick detection of malfunctions or uncontrolled water consumption, and indication of zones and sections in which the network operation parameters differ from the correct levels and require taking measures, e.g., restoration. A very significant effect of the level of water losses was the consistent replacement of old damaged pipes for new ones, as well as the renovation of many kilometres of water pipes. Currently, the company uses ca. 70% of pipes made of PEHD, compared to 46% in 2002.
Company B has been pursuing a programme to reduce water losses for several years. Network operation is monitored and data on network operation are analysed. The distribution system is divided into supply zones, where flow and pressure measurements are conducted. A zoning system of monitoring of night-time flow and pressure allows for detection of leakages. The company regularly develops and improves network monitoring through the construction or modernization of control and measurement wells, which are aimed at separating additional balance zones. This leads to further improvement in pressure stabilization of water for consumers and the effectiveness of water loss reduction. Furthermore, diagnostic measures are intensified in order to locate water leakages. The company has developed and implemented a stepwise leakage detection program. In the first stage, based on the analysis of the water loss balance and the analysis of night-time water flow charts in a given area, the approximate location of the leakage is determined. The section of pipe where leakage occurred is then determined. The area along the section is inspected for visible leakages and the noise is detected. In the final stage, the leakage is precisely located by means of a correlator.
The company has developed an investment plan to modernize water supply networks and conducted reconstruction of emergency water supply sections, which leads to a reduction in the number of failures. Since 2011, more than 60 km of waterworks have been rebuilt. Old, leaking, corroded and easily cracking nets were replaced with new ones. Investments are conducted using materials resistant to mining damage. The numerous activities aimed at minimization of water losses result in a significant reduction in the number of failures. In 2009, there were about 900 water supply failures. In the following years, the number of the failures decreased, reaching ca. 300 failures in 2017.
In company C, the most important measure to reduce water losses was the implementation of a monitoring system and active leakage control in 2006. Currently, the monitoring system covers almost the entire distribution system. Through the GPRS (General Packet Radio Service) network, the monitoring system allows for almost real-time examinations of the quantitative parameters of network operation. The monitoring system is used for detailed analyses of night flows. The analysis of water consumption helps identify the areas where leakages are likely to occur. The company also performs acoustic leakage detection using sensors within the framework of active leakage control. The sensors are programmed to record and filter noise from water supply networks from 1.00 to 3.00. There are four pressure control points on the premises of the plant. The pressure in the network is controlled by setting the output pressure. Its disadvantage, however, is the lack of the option to regulate the pressure at night (when it is the highest) and the possibility of its fluctuations caused by water consumption during the day. For several years, the company has been replacing and repairing water supply lines. The project, co-financed by the Cohesion Fund, allowed for replacing 32 km of water supply lines in 2009. In addition to the above investment, the company conducts the replacement of water supply lines each year as part of its repair management strategy. Pipes are qualified for replacement based on the value of failure intensity index. The company uses the geographical information system (GIS) to manage the operation of the water supply system. All places of repaired failures are marked on a GIS map, which allows for identification of the pipe in the worst technical condition. Furthermore, GIS has an option to create a map of the managed area, and collect, store, process and analyse data, which is very useful for efficient troubleshooting.
Summary and Conclusions
For economic and environmental reasons, water supply and sewage companies have to strive to increase the reliability of water distribution systems. Research has shown that water intake, treatment and pumping systems are highly energy-intensive. The level of energy costs varies from one distribution system to another because it depends on the characteristics of the technological systems, the type of pumps, their efficiency, choice of fees, etc. Therefore, companies should adopt an individual approach to reducing water losses and the related minimization of energy consumption. The proposals for energy efficiency improvement methods presented in the literature indicate first and foremost the necessity to improve pumping systems, control pumping station parameters, automate control system and extend monitoring systems of flows and pressures. Only an in depth analysis of the system operation based on the monitoring data allows for the development of algorithms, which, after programming and implementation, help improve energy efficiency, e.g., the operation of a pumping station or a network. Pressure regulation and reduction is the basis for reducing water losses and reducing the energy consumption of systems. Furthermore, pressure control extends the failure-free life of pipes and reduces the failure rates for the network, which significantly reduces the operating costs.
The analysis of the amount of water losses, variability of losses over the years in the analysed distribution systems and the initiatives taken to reduce them revealed that all water supply companies are substantially involved in the implementation of efficient strategies of loss management. Identification of leakages in the water supply system is often a time-consuming and labour-intensive process and does not always bring the expected results. However, an active, intensified and consistent location and removal of leakages usually contributes to a significant reduction in water losses. Undoubtedly, in the last few years, all the companies reduced water losses through comprehensive and regular actions. The analysis of the results of water loss examinations indicated that the failure rate and water loss indices in the companies studied were comparable to the systems operating in areas not exposed to mining activities [10, [48] [49] [50] . The value of the failure intensity index for all networks of the analysed companies was above 1.0 in 2011, whereas currently it amounts to ca. 0.5. Decreases in percentage loss index, Infrastructure Leakage Index and unit water loss index testify the effectiveness of the strategies adopted to reduce leakage in the distribution system. Currently, most indices are at a good to medium level.
Due to the specific nature of operation of individual distribution systems, companies have developed their own leakage detection and removal programs. These solutions are adapted to local conditions, taking into account the differences in the causes of water loss or the capabilities of the companies. However, some actions should be considered universal, bringing results in all the companies analysed. GIS monitoring systems and databases are particularly helpful in reducing water losses. Monitoring information is very useful in the evaluation of network operation parameters, its technical condition, and allows for the analysis and evaluation of water losses in the examined area and for the control of pressure in the network. It is particularly important to monitor night flows, which allows for detecting excessive flows and water consumption resulting from failures or theft. Correct separation of metered zones allows for identification of the areas with high flows. Consequently, the area of searching for failure or uncontrolled water consumption is narrowed down, which accelerates location of leakages and reduces the amount of water lost. Companies regularly extend their networks with new measurement chambers, located in selected places in the network, equipped with modern control and measurement devices. Data from measuring devices are continuously transferred and analysed by the operating services. A good and very effective practice used in the companies studied is to control the pressure in individual areas and reduce it to optimal levels. This reduces the amount of leakages in pipes, thus limiting water losses. The necessity of monitoring and reduction of pressure in the network to optimal values has been emphasized by numerous authors [51] [52] [53] .
All analysed companies perform systematic replacement of old steel and cast iron pipes which cause a large number of leakages that are often difficult to identify, thus leading to water losses. The next step used in all companies studied is to replace water meters with more and more accurate devices and to implement radio reading of water meters. Furthermore, the use of advanced leakage detection equipment is essential to reduce water losses. Companies were equipped with special leakage detection devices such as geophones, stethophones or correlators, which enable immediate detection of leakages.
However, there is no legislation on the maximum allowable losses in the water supply systems. According to many companies, they range from 8 to 10% since the cost of removing leakages below this value is many times higher than the benefits of searching for and removing failures. It is believed that the target level of water losses can be reduced to even 6-8%, but this requires implementation of effective systems and consequently incurring significant costs. Therefore, companies should ensure that the best and most effective loss reduction strategies are developed. It is advisable that water supply companies minimize water losses to the economic level of leakage specified for a given distribution system [54] [55] [56] .
The examinations and the literature review lead to the following conclusions:
1.
Reducing water losses and the related energy intensity of water production and supply represents a precondition for the implementation of the concept of sustainable water supply. Monitoring of the operation of water supply systems, and accurate flow and pressure measurements with the option of transmitting these data represent the basis for correct assessment of water losses and energy efficiency of the system. 2.
Due to the specific nature of design solutions and operation of water supply systems, water supply companies should develop their own programmes to reduce water losses and energy consumption of systems. These solutions must be adjusted to local conditions and the company's potential.
3.
The results of the examinations of water losses in the systems of the companies studied confirm the effectiveness of the measures taken. Limitation of water losses was achieved first and foremost through the improvement of work organization, active control of leakages, developing monitoring, pressure regulation and reduction, overhauls and replacement of the pipes which are most prone to failure.
4.
It is recommended that the companies should strive to reduce water losses to the economic leakage rate specified for the water supply system. Determination of the economic level of leakage requires preparation of an economic analysis that takes into consideration the costs of water intake, treatment and distribution, the costs of active control and disposal of leakages.
